The interaction between two tropical cyclones with different core vorticities and different sizes is studied with the aid of a nondivergent barotropic model, on both the f plane and the sphere. A classification of a wide range of cases is presented, using the Dritschel-Waugh scheme, which subdivides vortex interactions into five types: elastic interaction, partial straining out, complete straining out, partial merger, and complete merger. The type of interaction for a vortex pair on the f plane, and the same pair on the sphere, was the same for 77 out of 80 cases studied. The primary difference between the results on the f plane and those on the sphere is that the vorticity centroid of the pair is fixed on the f plane but can drift a considerable distance poleward and westward on the sphere. In the spherical case, the interaction between the cyclone pair and the associated ␤-induced cyclonic and anticyclonic circulations can play an important role.
Introduction
An interesting tropical cyclone binary interaction occurred in the east Pacific during September 2001. The event began when Tropical Depression 8 formed on the morning of 4 September. Just 12 h later, it was upgraded to Tropical Storm Gil and was tracking westward. Lagging just a few hours and 1500 km behind Gil was Tropical Depression 9, which would later become Tropical Storm Henriette. Henriette was also tracking west-* Supplemental information related to this paper is available online (DOI:10.1175/MWR2610Supl1). For current information see http:// dx.doi.org/10.1175/MWR2610Supl1. ward but moving 50% faster than Gil. On the morning of 6 September, Gil had reached hurricane strength, and, at about the same time, Henriette had reached tropical storm strength. Gil was a relatively compact, intense circulation (42 m s Ϫ1 peak intensity), while Henriette was a broader, weaker circulation (22 m s Ϫ1 peak intensity). Figure 1a is a GOES-10 visible image of these two storms on 6 September 2001 at 2100 UTC. (GOES-10 visible loops for 6-9 September are available in a supplement found online at http://ams.allenpress.com/ amsonline/?requestϭindex-html.)
By the morning of 8 September, the separation between the two vortices had decreased to only 400 km, and signs of vortex interaction began to appear (strong shear aloft and a low-level horizontal convergence band). Also around this time, Henriette had lost strength and was no longer classified as a tropical depression. On the afternoon of 9 September, the centers P R I E T O E T A L . TABLE 1 . Grid parameters at t ϭ 0: grid number (l ), number of grid points in x and y (n x , n y ), grid origin (x 0 , y 0 ), grid spacing in x and y (h l ), and time step (⌬t l ). of Gil and Henriette had come to within 85 km of each other, already having rotated 540Њ about their centroid. By this time, Gil was also no longer a tropical depression. Finally, by the morning of 10 September, the vortices had merged, with the more compact, intense one (remnants of Gil) victorious. The storm tracks, based on National Hurricane Center (NHC) best-track positions and GOES-10 visible imagery, are shown in Fig. 1b . This figure shows the geographic centroid; the vorticity centroid could be closer to the stronger storm but cannot be computed without the detailed vorticity field.
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The binary vortex interaction is also known as the ''Fujiwhara effect'' in honor of the pioneering work of Fujiwhara (1921 Fujiwhara ( , 1923 Fujiwhara ( , 1931 , who performed a series of laboratory experiments on the interactions between pairs of vortices in a water tank. The interaction of Gil and Henriette is one example of the many cases of binary tropical cyclone interactions that have been documented in the literature (e.g., see Larson 1975; Chang 1983; Lander and Holland 1993; Kuo et al. 2000; Wu et al. 2003) . In an early observational study of the interaction of binary tropical cyclones in the western North Pacific, Brand (1970) found that a definitive mutual interaction, in the form of a cyclonic orbit of the storms about their centroid, occurred when the cyclone centers came within 1300 km, and that mutual attraction occurred when the cyclone centers came within 750 km. Of course, these should be regarded as rough forecasting rules since tropical cyclones vary widely in their sizes and strengths. In the western North Pacific the frequency of such binary interactions is approximately 1.5 per year. The frequency of actual merger is lower.
The interaction of two isolated vortices has been examined in detail in a numerical study by Dritschel and Waugh (1992) in which the vortices are patches with equal vorticity, and the radius ratio and separation distance are experimental parameters. The calculations, performed on the f plane using the contour surgery algorithm (Dritschel 1988) , show that the interaction of unequal vortices is much richer than that of equal vortices. The interactions can be classified into five different regimes, based upon a quantification of the final to initial circulation of each vortex: (i) elastic interaction, (ii) partial straining out, (iii) complete straining out, (iv) partial merger, and (v) complete merger. These interactions may result in the total destruction of one of the vortices (iii and v), the partial destruction of one vortex (ii and iv), or an interaction in which both vortices survive with their initial circulation (i). These results also imply that the interaction of same-sign vortices is an essential mechanism for vortex growth, as well as an important mechanism for the production of small vortices and for the destruction of vortices.
In another numerical study, Holland and Dietachmayer (1993) investigated the effect of variable Coriolis parameter on the interaction between two tropical cyclones, concluding that the development of ''␤ gyres'' can have an important impact on the vortex interaction. The ␤-gyres are the result of the meridional advection of planetary vorticity around a vortex, which induces an asymmetric circulation capable of driving the vortex. ␤-gyres of sufficient intensity can extend the distance at which one vortex is able to capture the other, or they can produce the escape mode discussed by Lander and Holland (1993) .
From the theoretical point of view, Melander et al. (1986) developed a vortex interaction model by considering the evolution of finite-area, uniform-vorticity regions in an unbounded inviscid fluid. Their analysis of the two-dimensional Euler equations results in a system of ordinary differential equations governing the physical-space moments of the individual regions. Truncation of this infinite system yields an nth-order moment model. In the second-order model each region is assumed to be elliptical, and the equations of motion conserve local area, global centroid, total angular impulse, and global excess energy. The model forms a Hamiltonian system, with the excess energy as the Hamiltonian. This model can crudely describe the collapse of two vortex centers. However, as the vortex centers approach during merger, the model becomes increasingly invalid because it assumes that an elliptical shape is maintained throughout the process.
Another theory of vortex merger has been presented by Lansky et al. (1997) . In their theory, a point vortex and an extended vortex of nearly circular cross section interact. The general behavior of this system involves the rotation of the point vortex around the extended vortex, together with finite-amplitude oscillations in the radial direction. The radial motion of the point vortex is trapped inside a critical layer of characteristic width. Lansky et al. (1997) found that if the total circulation of the point vortex divided by the total circulation of the extended vortex exceeds a critical value, there is an overlap of neighboring critical layers around the extended vortex, having as a consequence the cascade of the point vortex through a sequence of resonances as it spirals in and merges with the extended vortex. Ritchie and Holland (1993) estimated the critical separation distance between two atmospheric vortices for merger to occur. They assumed that once one of the vortices produces a strain large enough to result in a significant distortion of the other vortex, mutual rotation between vortices breaks down and shearing out of one vortex or merger occurs. For typical tropical cyclone parameters, Ritchie and Holland (1993) found that the vortices must come to within 150-300 km before the merger or shearing-out process can start.
In this paper we use numerical results from a barotropic model to explore the range of possible binary interactions between tropical cyclones. In doing so we extend the work of Dritschel and Waugh (1992) by considering vortices of different strengths and sizes and by examining the effects of geometry ( f plane versus sphere). The paper is organized in the following way: First, the multigrid barotropic model (MUDBAR) is described (section 2). After specifying the family of initial conditions (section 3), the MUDBAR model is then used (section 4) to simulate a broad range of binary interactions in which the parameters are the relative size of the storms, their separation distance, and the relative vorticity ratio between them. We then discuss (section 5) the differences between interactions on the f plane and the sphere. Finally, a summary of the results and conclusions is presented (section 6).
The MUDBAR numerical model
The numerical model used in all our experiments is the MUDBAR model described by Fulton (1997 Fulton ( , 2001 ). The model is formulated on a section of the spherical earth. Using spherical coordinates (, ), the governing vorticity equation and invertibility principle are
where a is the earth's radius, ⍀ the earth's rotation rate, the constant diffusion coefficient, the relative vorticity, and the streamfunction. In the present study a transformation of (1) and (2) to Mercator coordinates has the important advantage of allowing us to easily obtain the f -plane version of the model by a simple parameter change. The transformation from the spherical coordinates (, ) to the Mercator coordinates (x, y) is given by x ϭ ( Ϫ 0 )a cos 0 and y ϭ [tanh Ϫ1 (sin) Ϫ tanh Ϫ1 (sin 0 )]a cos 0 , where the reference point ( 0 , 0 ) coincides with the origin of the Mercator coordinate system. After transformation to Mercator coordinates, the model equations (1) and (2) take the form
2 2 ‫ץ‬x ‫ץ‬y where ␤ ϭ a Ϫ1 2⍀ cos 0 and m ϭ cos 0 /cos is the map factor. Since (3) and (4) are exact transformations of (1) and (2), the full effects of the earth's sphericity are included in (3) and (4) when we use ␤ ϭ a Ϫ1 2⍀ cos 0 and m ϭ cos 0 /cos. However, if we set ␤ ϭ 0 and m ϭ 1 in (3) and (4), we discard all spherical effects and obtain the f -plane model. As a third alternative, the choice to use ␤ ϭ a Ϫ1 2⍀ cos 0 and m ϭ 1 results in the ␤-plane model. For the flow patterns studied here, the ␤-plane model gives results that are qualitatively similar to those of the full spherical model, so we have chosen to present only the results from the full spherical model and the f -plane model.
The model domain is a rectangle in x and y centered at (x, y) ϭ (0, 0), where ( 0 , 0 ) ϭ (60ЊW, 20ЊN). For most of our integrations we have used four nested grids, each with 512 ϫ 512 points. For the integrations on the sphere, the outermost grid extends 100Њ in the east-west direction and extends from 60.8ЊN to 21.5ЊS in the north-south direction. At the boundaries the normal flow is assumed to vanish. The space discretization uses fourth-order finite differences on uniform rectangular grids; in particular, the second term in (3) is approximated by the fourth-order Arakawa Jacobian. The time discretization uses a fourthorder Runge-Kutta scheme. A summary of the grid parameters is given in Table 1 . For the diffusion coefficient we have chosen ϭ 250 m 2 s Ϫ1 . For a more detailed description of the model, the reader is referred to Fulton (1997 Fulton ( , 2001 ).
Initial conditions
The observed vorticity profile in intensifying hurricanes (Kossin and Schubert 2001) can be described as a thin annulus of strongly enhanced vorticity embedded in nearly irrotational flow. This is a highly unstable configuration that tends to break down and relax toward a vorticity monopole (Schubert et al. 1999; Kossin and Schubert 2001) . Because the vorticity peak of the hurricane core is much higher than the vorticity of the immediately surrounding flow, we may consider the hurricane, to a first approximation, as a vorticity patch. For this work, we consider initial conditions that consist of two circular patches of uniform vorticity with sharp edges. The size of vortex 1 is fixed, while the size of vortex 2 is a variable parameter. The separation distance between the vortices is also a variable parameter. The precise mathematical form of the initial condition is (x,
2 ϩ 2r 3 , R 1 ϭ 100 km, and R 2 a variable parameter. The separation distance between the vortex centers is x 2 Ϫ x 1 , while the separation distance between their edges, measured from the centers of the skirt regions, is defined as ⌬ ϭ x 2 Ϫ x 1 Ϫ (R 1 ϩ R 2 ). Initially, vortex 1 is to the left of vortex 2, with the constants 1 and 2 giving the vorticities at the cores of vortex 1 and vortex 2, respectively.
Initially, each vortex was uniformly covered with passive tracers, and the trajectories of these tracers were calculated during the entire evolution of each experiment. In order to classify the type of vortex interaction, the ratio of final to initial circulation was estimated for each of the two vortices with the aid of the computed trajectories. We associated a circulation value with each of the parcels so the sum of all the parcels' ''circulations'' within a vortex is equal to the vortex circulation. We use Dritschel and Waugh's (1992) where Ĉ 1 ϭ C 1 f /C 1i and Ĉ 2 ϭ C 2 f /C 2i denote the ratio of the final to the initial circulation for each vortex.
Results of the numerical experiments
Consider first the case in which the vorticity ratio is 2 / 1 ϭ 0.6 and the core vorticity in the left vortex is 1 ϭ 9.33 ϫ 10 Ϫ4 s Ϫ1 , which gives a maximum wind speed at its edge of max ϭ 46.7 m s Ϫ1 (a strong category 2 hurricane on the Saffir-Simpson scale). The strength of the vortex on the right depends on the value of the parameter R 2 . For R 2 ϭ R 1 ϭ 100 km, the maximum wind speed of vortex 2 is 28.0 m s Ϫ1 , which corresponds to tropical-storm-force winds. For the case 2 / 1 ϭ 0.6, a total of 40 experiments were performed on the f plane, with R 2 ranging from 25 to 200 km in increments of 25 km, and ⌬ ranging from 50 to 250 km in increments of 50 km. All the experiments were run for 72 h, which is long enough to provide a classification of the interaction. Figure 2 shows five cases that illustrate the different types of interactions: (a) is a complete merger (⌬/R 1 ϭ 1.0, R 2 /R 1 ϭ 1.50); (b) is a partial merger (⌬/ R 1 ϭ 2.0, R 2 /R 1 ϭ 1.75); (c) is a complete straining out (⌬/R 1 ϭ 1.5, R 2 /R 1 ϭ 0.50); (d) is a partial straining out (⌬/R 1 ϭ 2.0, R 2 /R 1 ϭ 0.75); and (e) is an elastic interaction (⌬/R 1 ϭ 2.5, R 2 /R 1 ϭ 1.25). The times shown in Fig. 2 vary from case to case and have been selected to demonstrate the key interactions during the flow evolution. All the panels have the same spatial scales to allow for a direct comparison, and the display of tracers has been omitted for clarity. The classification of the 40 f -plane experiments with 2 / 1 ϭ 0.6 is shown by the color codes in the top surface shown in Fig. 3 .
A general feature of this series of experiments is the dominance of the stronger vortex (black shading in Fig.  2) , which rolls up all or part of the weaker vortex when the two are close enough to allow for an inelastic interaction. Two out of the five interaction types (CM and CSO) result in the destruction of the weaker vortex. The other three types of interaction (PM, PSO, and EI) end up with two vortices, although one of the vortices may have considerably reduced circulation. At t ϭ 72 h, all the experiments have a somewhat more complicated flow than their initial condition because of the presence of filaments and the deformation of the initially circular vortex shapes. We discuss the partial-merger case, shown in Fig. 2b , in more detail in section 5.
For the case in which 2 / 1 ϭ 0.8, we expect a lessdominant behavior of the stronger vortex than when 2 / 1 ϭ 0.6. The vortex initially on the left has a vorticity 1 ϭ 7.0 ϫ 10 Ϫ4 s Ϫ1 with a radius R 1 ϭ 100 km, which produces a maximum wind speed of 35 m s Ϫ1 (a weak category 1 hurricane on the Saffir-Simpson scale). The vorticity of vortex 2 is 2 ϭ 5.6 ϫ 10 Ϫ4 s Ϫ1 , which is the same vorticity as the weaker vortex in the 2 / 1 ϭ 0.6 case. For the case R 2 ϭ 100 km, vortex 2 has tropical-storm-force winds of 28 m s Ϫ1 . For the 2 / 1 ϭ 0.8 case, we have performed another 40 experiments varying the size of vortex 2 (R 2 ) and the separation distance (⌬), as in the 2 / 1 ϭ 0.6 case. The classification of these 40 f -plane experiments with 2 / 1 ϭ 0.8 is shown by the color codes in the middle surface of Fig. 3 .
The bottom surface shown in Fig. 3 has been adapted from the work of Dritschel and Waugh (1992, their Fig. 5 ) and is for the case 2 / 1 ϭ 1.0. Note that when 2 / 1 ϭ 1.0, the information given in the region 0 Յ R 2 / R 1 Յ 1 is redundant with the information given in the region 1 Յ R 2 /R 1 Ͻ ϱ since the vortex subscripts 1 and 2 can be interchanged. In studying Fig. 3 , one should also note that the numerical values for the radius ratio R 2 /R 1 and nondimensional separation distance ⌬/R 1 on the bottom surface apply to all three surfaces, but that
FIG. 2. Vorticity field at selected times showing different classifications of binary vortex interactions on the f plane: (a) complete merger (CM), (b) partial merger (PM), (c) complete straining out (CSO), (d) partial straining out (PSO), and (e) elastic interaction (EI).
At t ϭ 0, the vortices are patches of constant vorticity with sharp edges. Black shading indicates 1 ϭ 9.33 ϫ 10 Ϫ4 s Ϫ1 and gray shading indicates 2 ϭ 0.6 1 .
the numerical values for the circulation ratio C 2 /C 1 are different for each surface.
From Fig. 3 we conclude that when two vortices are very close, a rapid, complete merger occurs, except when one of the vortices has such a small circulation compared to the other that complete straining out occurs. As the separation distance between the vortices increases at a constant circulation ratio, the interaction regimes that appear are partial merger, partial straining out, and elastic interaction. Although our resolution of the parameter space (⌬/R 1 , R 2 /R 1 ) is not sufficient to map out the detailed structure of the boundaries between regimes, we expect a gradual change of behavior when moving along a line of constant circulation ratio. The exception is the case of a completely symmetric interaction (i.e., 2 ϭ 1 , R 2 ϭ R 1 , and C 2 ϭ C 1 ), where a
Interaction regimes for binary vortices calculated as a function of the normalized separation distance ⌬/R 1 and the radius ratio R 2 /R 1 for (top) 2 / 1 ϭ 0.6, (middle) 2 / 1 ϭ 0.8, and (bottom) 2 / 1 ϭ 1.0. All calculations were performed on the f plane. The bottom surface is adapted from the contour surgery calculations of Dritschel and Waugh (1992) . The letters shown in individual boxes on the upper surface refer to the experiments shown in Fig. 2 . bifurcation point is found near ⌬/R 1 ϭ 1.4. In this case the identical nature of the two vortices prevents one from dominating the other, so that the intermediate regimes (PM, PSO) are not found, and the interaction goes from a CM to an EI within a very small neighborhood of the bifurcation point. In reality, a completely symmetric tropical cyclone binary interaction would be a very rare event, so that this bifurcation point, while of considerable theoretical interest, is of less practical interest. To gain some insight about the critical ratio of circulation for the transition from the bifurcation regime to the smooth regime, we made two complementary high-resolution runs (not shown) with four nested grids of 1024 ϫ 1024 grid points each (see Table 2 ). The initial condition was two equally sized vortices (R 1 ϭ R 2 ) with different vorticities and, therefore, different circulations (5% and 2% difference). These two experiments showed a clear partial merger, where the very small remnant of the weaker vortex was strained out shortly after it was detached. From Fig. 3 it can be seen that when one of the vortices is very intense ( 1 becoming significantly larger than 2 ), its region of influence grows. For example, for a circulation ratio C 2 /C 1 ϭ 0.5, the elastic interaction regime is found near ⌬/R 1 ϭ 1.5 when 2 / 1 ϭ 1.0, but it moves to ⌬/R 1 ϭ 2.0 when 2 / 1 ϭ 0.8, and to ⌬/R 1 ϭ 2.5 when 2 / 1 ϭ 0.6. This is consistent with the general notion that stronger hurricanes have a larger influence area than weaker hurricanes of the same size.
Differences between binary interactions on the f plane and the sphere
All of the 80 f -plane experiments shown in the upper two surfaces in Fig. 3 were also run on the sphere. For all the spherical runs the initial latitude of the vortex centers was 20ЊN. When these 80 spherical runs were classified and plotted on a diagram (not shown) similar to Fig. 3 , it was found that the results are nearly identical to the f -plane results. Only in the three specific cases (⌬/R 1 , R 2 /R 1 , 2 / 1 ) ϭ (1.5, 1.75, 0.6), (1.5, 1.75, 0.8), and (1.5, 2.0, 0.8) did the classification of Fig. 3 change from CM to PM for the first and from PM to CM for the other two. However, several differences in the flow evolution were detected. The case shown in Fig. 2b , which is classified as a PM, was chosen to describe the differences between binary vortex interaction on the f plane and on the sphere. In order to investigate this case in clearer detail, two additional runs, one on the f plane and one on the sphere, were performed with the resolution increased to 1024 ϫ 1024 points on each of the four nested meshes (see Table 2 for further details). The diffusion coefficient for these higher-resolution runs was decreased to ϭ 125 m 2 s Ϫ1 . Figure 4 shows the relative vorticity field for the spherical case with the parameters 2 / 1 ϭ 0.6, 1 ϭ 9.333 ϫ 10 Ϫ4 s Ϫ1 , R 1 ϭ 100 km, R 2 ϭ 175 km, and ⌬/ R 1 ϭ 2.0. The maximum wind speed produced by vortex 1 is 46.7 m s Ϫ1 , while the maximum wind speed produced by vortex 2 is 49.0 m s Ϫ1 (Fig. 5 shows the binary system meridional wind as a function of x at t ϭ 0, y ϭ 0, where the x domain corresponds to the outermost grid). The domain shown in Fig. 4 corresponds to the innermost (moveable) grid, and the x-y scales are those of the Mercator projection with origin at (, ) ϭ (20ЊN, 60ЊW). At t ϭ 0, the fluid surrounding the vortices has zero relative vorticity, shown in the figure as light-gray shading. As time progresses, the advection produced by the vortices and the conservation of absolute vorticity create ␤ gyres, with the cyclonic gyre on the lower-lefthand side of the vortex pair (light-gray shading), and the anticyclonic gyre (white area) immediately around and to the north of the vortices. Because of the nonlinear evolution of the flow, the ␤ gyres have a complicated behavior, constantly changing shape and orientation. These gyres are responsible for the translation of the binary system approximately 2000 km to the west and 1000 km to the north in 72 h. Both vortices were initially uniformly covered by passive air parcels that were advected by the flow. The tracers that were found inside vortex 2 at t ϭ 40 h (Fig. 4c) were traced back to their original positions and are also shown at t ϭ 0 (Fig. 4a) . It is clear that the air eroded from vortex 2 came from its periphery, while the air initially at its center remains at the center of the vortex even after an aggresive and destructive interaction with the more compact vortex (Fig. 4b) . This behavior was also observed in the fplane case. It is well known from 2D turbulence experiments (McWilliams 1984) , and from atmospheric observations and theories (Bowman 1996; McIntyre 1989) , that high vorticity gradients protect vortex cores from violent interactions. However, an interesting aspect of this case is that the vorticity gradient inside the vortices is zero, so that it is not obvious that the center of the initially larger vortex should remain coherent, even after 72% of its vorticity has been removed in a complicated manner.
The separation distance between vortex centers as a function of time is shown in Fig. 6a , with the thick dashed line corresponding to the experiment evolving on the sphere (great-circle distance) and the thin dashed line to the experiment evolving on the f plane. During the first 12 h, the separation distance remains approximately constant. However, the shape of the larger vortex starts to show significant deformation as early as t ϭ 7 h. After an approach of the centers around 18 h, there is a tendency for separation from about 25 to 47 h. This coincides with the strongest mass transfer from the broad vortex to the more intense vortex. This can be explained as a consequence of the f -plane vorticity centroid conservation principle: as mass is transferred toward one vortex, the vortices have to separate in order to compensate for the higher contribution of the stronger vortex to the vorticity centroid.
At t ϭ 63 h, the separation distance between centers is about the same (600 km) for the spherical and f -plane cases. However, afterward, the vortex pair on the sphere undergoes an ''escape event,'' with the separation distance increasing by 150 km in 9 h. This escape coincides with the period in which the now smaller and weaker vortex 2 is captured by the cyclonic ␤ gyre, as shown in Figs. 4d-f .
The rate of orbital rotation (Fig. 6b ) has strong oscillations throughout the 72-h integration. On both the f plane and sphere there is a tendency toward a slower rotation rate as time increases. This is a consequence of the increasing separation distance between vortex centers, which causes a decrease of their mutual advection effect. The rotation rate for the case on the sphere is generally smaller than the rotation rate for the f -plane case because some of the energy of the spherical case is spent in a mutual translation of the vortices by the ␤ effect. The final consequence of this slower rotation rate is that, by 72 h, the vortices on the sphere have rotated about 600Њ about their centroid, while the vortices on the f plane have rotated about 810Њ. A comparison of the vortex tracks for these experiments is shown in Figs. 6c ( f plane) and 6d (sphere).
An additional difference between the f -plane and spherical cases is that, because of the absolute vorticity conservation, as the vortices move poleward of their original position (20ЊN) their strength (relative vorticity ) decreases in order to compensate for the increase in f . Although this is a small effect compared to the other effects mentioned above, it may have consequences after a PM when a very small vortex remains; this small
Partial-merger experiment on the sphere at 1024 ϫ 1024 resolution. The initial separation distance between the vortex edges is ⌬ ϭ 200 km, and the initial vorticity ratio is 2 / 1 ϭ 0.6, with 1 ϭ 93.33 ϫ 10 Ϫ5 s Ϫ1 , R 1 ϭ 100 km, and R 2 ϭ 175 km. The numbers on the grayscale bar correspond to vorticity in units of 10 Ϫ5 s Ϫ1 . The white dots shown inside the small vortex at t ϭ 40 h were traced back to the initial time and are also shown at t ϭ 0 h. vortex is more easily eroded on the sphere than on the f plane.
Conclusions
The possible interactions between two tropical-cyclone-like vortices have been classified in this work. Two of the intermediate types of interaction (PM and PSO) have received little attention in the meteorological literature on binary tropical cyclone interactions. These deserve further observational study because of the complex interactions taking place. For example, during a partial merger, repeated mass exchanges can occur between vortices. These exchanges are an essential element in the behavior of the binary system and involve nonlinear effects, making very difficult an a priori quantification of the mass exchange without a direct numerical integration from a precise initial condition. It was observed that an increase in the separation distance between vortices can occur in both the spherical and the (Fig. 2b) and on the sphere (Fig. 4) f -plane cases because of mass exchanges, but an escape due to capture by a third system (␤-gyre) can only happen in the variable f case.
After a detailed analysis of the results summarized in this work, we hypothesize that partial mergers are quite frequent in binary tropical cyclone systems that overcome a period of mutual rotation but end up in an escape event. One classic example is seen in a famous visible image of the binary hurricane system comprised of Hurricanes Ione and Kirsten (1974) in the eastern Pacific (Larson 1975) , where a cloud band seems to ''connect'' the cores of both hurricanes; however, the storms separated and escaped from one another.
In the above experiments and from the analysis of air parcel trajectories, it was observed that during a strong shearing event the vortex core is the most resistant region, even when the vorticity gradient inside the cyclone is zero. During partial-merger experiments in which a very small percentage of an initially broad vortex is left (less than 10%), the central region is the part that survives the violent interaction.
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As mentioned above, the size, shape, and location of the ␤ gyres was highly variable during the 72 h of the experiments on the sphere. Those changes had important consequences on the actual tracks followed by the vortices. For example, in Fig. 6d the vortices initially moved in a northward direction, making a loop, moving westward, then northwestward, and finishing with an escape event. For this reason it seems fundamental that the characteristics of the ␤ gyres (size, shape, strength, and orientation) should be fully included in the initial condition of any tropical cyclone simulation intended to forecast the movement of the storm.
